The effect of voluntary wheel-running to modulate sucrose induced hypertriacylglycerolemia was investigated on both sedentary and exercised rats in relation to the timing of sucrose feeding. The exercised group was allowed voluntary wheel-running between 21.00-08.00. Rats of both groups were daily meal-fed a 35% sucrose diet at 20.00-21.00 and a basal diet at 08.00-09.00, or inversely meal fed the two diets at the reversed time for 7 weeks each. At the end of the feeding period, plasma or serum triacylglycerol (TG) levels of exercised rats, as compared to sedentary rats, showed smaller diurnal changes regardless of the timing of sucrose feeding. Hepatic-intestinal TG secretion rates measured during both resting and physically active periods were lower in the exercised rats than in the sedentary control rats, whereas the cardiac and adipose tissue lipoprotein lipase activity of the two groups was not significantly different. These results suggest that voluntary wheel-running exercise may modulate the hypertriacylglycerolemic effect of sucrose in rats regardless of the timing of sucrose feeding, with decreased TG secretion. Key Words voluntary wheel-running, timing of sucrose feeding, plasma and serum TG, TG secretion, lipoprotein lipase, rat It is well known that exercise is useful to lower increased plasma TG con centrations, Sucrose feeding, on the other hand, is believed to elevate plasma TG levels. Hebert et al. (1) and Zavaroni et al. (2) have reported that this hyper triacylglycerolemic effect of sucrose was effectively inhibited by voluntary wheel running in rats when ad libitum-fed on a 63% (w/w) sucrose diet for 10 weeks or a 66% (as percent age of total calories) sucrose diet for 10days. However, using a feeding system which controls the time of meal feeding and voluntary wheel running, our recent laboratory tests have demonstrated that the sucrose feeding related to physical activity influences the plasma TG levels in rats (3). Therefore, it
was thought important to study whether exercise would modulate the hyper triacylglycerolemic effect of sucrose, irrespective of the timing of sucrose meal feeding.
Data obtained in this study showed that voluntary wheel-running followed by lowered plasma or serum TG levels whenever sucrose was given to rats before exercise or afterwards.
EXPERIMENTAL
Separate groups of 5-6 weeks old male JCL-Sprague-Dawley rats (CLEA Japan Inc., Tokyo) were used in three experiments . A sucrose diet was prepared by adding sucrose to a basal diet (CE-7 powder , CLEA Japan Inc.) at a 35% weight (3). The outline of feeding schedules for the three experiments was shown in Fig . 1 .
Rats were fed on the sucrose diet at 20.00-21.00 and the basal diet at 08 .00 -09.00 in experiments 1(40rats) and 2 (100rats) , or inversely, meal-fed on the two diets at the reversed time in experiment 3 (80rats). Equal numbers of rats from the sedentary and excercised groups were used, and the rats were housed individually in each of the experiments. Rats from the exercised group were kept in rodent activity cages and allowed voluntary wheel-running (3) between 24 .00-08.00 (experiment 1) or 21.00-08.00 (experiments 2 and 3). The animals in experiment 1 were not allowed voluntary running for the first 3h in order to give them a meal digestion-absorption 
RESULTS
Food intake, weight gain and voluntary wheel-running activity Only the data obtained from experiments 2 and 3 were shown in Table 1 . Rats of both groups much preferred the sucrose diet to the basal diet as observed previously in our laboratory (3) and by others (1). Sucrose consumption was similar Effects of exercise and the timing of sucrose feeding on plasma or serum glucose , free fatty acids, cholesterol, and TG levels Plasma or serum TG was considerably lower in the exercised group than the sedentary group at most time points examined within the 24-h cycle in every experiment (Fig. 2) . A significant difference between the two groups was found in every experiment at 24.00. In experiments 2 and 3, both sedentary and exercised groups showed great elevations in plasma TG levels for several hours following the ingestion of the sucrose meal. Such sucrose-induced hypertriacylglycerolemia lasted longer after the sucrose diet was given in the morning than in the evening. Plasma or serum glucose, free fatty acids, and cholesterol levels were not influenced as much by exercise as plasma or serum TG levels were.
Effects of exercise and the timing of sucrose feeding on the hepatic-intestinal TG secretion rate TG secretion rates in sedentary and exercised groups measured at both physically active and inactive periods are shown in Table 2 . The exercised group demonstrated significant reductions in TG secretion rates relative to the sedentary group during physically active and inactive periods. Basal TG levels measured for plasma samples, which were obtained just before the Triton WR-1339 injection, Table 2 . Effects of exercise and the timing of sucrose feeding on hepatic-intestinal TG secretion rate (experiments 2 and 3). Experiments 2-A and 2-B were carried out separately, and the data at 00.30-03.30 from the former were not obtained because of sample treatment mistakes. Rats of both groups were fed on a 35% sucrose diet at 20.00-21.00 and a basal diet at 08.00-09.00 in experiment 2-A and 2-B, and fed on the two diets at the reversed time in experiment 3. Just before every measurement time, 4-5 rats of sedentary and exercised groups were withdrawn blood samples. The rats were then injected with 600mg of Triton-WR 1339/kg of body weight into tail veins at the indicated start-time of each measurement, and 3h later they were killed for the 2nd blood sampling. TG secretion rate was calculated from plasma volumes of rats and increased plasma TG concentrations during 3h measurement as described in EXPERIMENTAL. The basal plasma TG levels (mg/100ml) measured just before the Triton injection were shown in parentheses. were also lower in the exercised group than in the sedentary group in experiments 2 -A, 2-B and 3.
Effects of exercise and the timing of sucrose feeding on liver total lipid contents As shown in Fig. 3 , there was no significant difference between sedentary and exercised groups in liver total lipid contents at any time points measured in both experiments 2 and 3. Liver total lipid contents of the two groups decreased following ingestion of the sucrose meal. The decreases generally synchronized with the increase in plasma TG levels after ingestion of the sucrose meal (Fig. 2) .
Effects of exercise and the timing of sucrose feeding on tissue LPL activity The LPL activity of heart (08.00 in experiment 2 and 16.00 in experiment 3) and adipose tissue (24.00 in experiment 3) showed significant differences for sedentary and exercised groups (Fig. 4) . However, the results did not seem directly related to the effect of exercise on tissue LPL activity. An opposite response to sucrose meal ingestion was found for heart and adipose tissue LPL activity; in both rat groups, LPL activity of adipose tissue was significantly elevated with the sucrose meal ingestion in experiment 3, but heart LPL activity decreased markedly in experiments 2 and 3. Diurnal changes in adipose tissue LPL activity in the two groups were mostly synchronized with their respective diurnal changes in plasma TG levels (Fig. 2) . On the other hand, a reversed relationship between diurnal variations of heart LPL activity and plasma TG levels was found in both groups of experiments 2 and 3.
DISCUSSION
The present study has clearly demonstrated that voluntary wheel-running exercise could override the timing of sucrose feeding, and resulted in significantly reduced plasma or serum TG levels in rats. The decreased plasma or serum TG levels in the voluntarily exercised and sucrose meal-fed rats in this study seemed to be caused in part by the reduced hepatic-intestinal TG secretion. Our results are in accordance with the data of Zavaroni et al. (2), in which the decrease of plasma TG levels was associated with reduced TG secretion by perfused liver obtained from voluntary wheel-running exercised and high sucrose diet ad libitum-fed rats. They also observed lowered plasma insulin levels in exercised rats. From these results, Zavaroni et al. postulated that an increased insulin sensitivity might modulate the postprandial insulin responses to a high sucrose diet in exercised rats, leading to decreased TG secretion and lower plasma TG levels. As a site of insulin sensitivity enhancement induced by voluntary wheel-running exercise, Mondon et al. (7) have suggested the skeletal muscle, and not the liver, in laboratory chow ad libitum-fed rats.
Activity of a liver lipogenic enzyme, glucose-6-phosphate dehydrogenase , increases in young rats after high sucrose diet feeding. However, Herbert et al. (1) failed to show the effect of 10-week voluntary wheel-running exercise in normalizing the sucrose-induced elevation of this hepatic enzyme activity. In experiments 2 and 3, conducted here liver total lipid contents of the two groups varied inversely in relation to plasma TG changes, with the exception of the resting period in experiment 2. These data suggest that hepatic lipid content and possibly very low density lipoprotein secretion from liver might influence plasma TG levels.
In this study, measurements were made of heart and adipose tissue LPL activity. The results did not significantly change with voluntary exercise. Simonelli and Eaton (5) have observed and unexpected reduction in Intralipid-TG removal rate in thin Zucker rats after 3weeks of voluntary wheel-running exercise. Thus, the hypotriacylglycerolemic effect of voluntary wheel-running exercise does not seem to be regulated by an increase in TG removal by peripheral tissues.
In each experiment in this study, food intake was greater, but weight gain was smaller in exercised rats than in sedentary control rats. This agrees with the findings reported recently by Tokuyama et al. (8), but contradicts the findings of Hebert et al. (1) that voluntary wheel-running exercised rats had consumed more food and gained more weight than did sedentary control rats.
In conclusion, this study suggests that voluntary wheel-running exercise may modulate the hypertriacylglyceroemic effect of sucrose regardless of the timing of sucrose feeding in rats. Furthermore, the plasma or serum TG lowering action of voluntary wheel-running exercise appears to be in part mediated by reducing hepatic-intestinal TG secretion. 
